Abstract. We report on the detection of pulsations in the far ultraviolet (hereafter FUV) light curves of PG 1219+534, PG 1605+072, and PG 1613+426 obtained with the Far Ultraviolet Spectroscopic Explorer (FUSE) in time-tagged mode (TTAG). Exposures of the order of a few Ksecs were sufficient to observe the main frequencies of PG 1219+534 and PG 1605+072 and confirm the detection of a pulsation mode at the surface of PG 1613+426 as reported from ground. For the first time we derive time-resolved spectroscopic FUSE data of a sdB pulsator (PG 1605+072) and comment its line profile variation diagram (hereafter lpv diagram). We observe the phase shift between the maximum luminosity and the maximum radius to be consistent with the model of an adiabatic pulsator. We also present evidence that the line broadening previously reported is not caused by rotation but is rather an observational bias due to the rapid Doppler shift of the lines with 17 km.s −1 amplitude. Thus our observations do not support the previous claim that PG 1605+072 is (or will evolve into) an unusually fast rotating degenerate dwarf. These results demonstrate the asteroseismological potential of the FUSE satellite which should be viewed as another powerful means of investigation of stellar pulsations along with the MOST and COROT missions.
Introduction
Subluminous B(sdB) stars dominate the population of faint blue stars of our own Galaxy and are numerous enough to account for the UV upturn phenomenon (Brown et al., 2000) observed in elliptical galaxies and galaxy bulges. Since the discovery of sdB stars in the globular cluster NGC 67524 (Heber et al., 1986) , evidence has accumulated that sdB stars represent late stage of stellar evolution. These are evolved objects with typical helium (He) burning cores of 0.5 M ⊙ surrounded by a thin H surface layer (less than 2 % of the mass) and are located near the extreme horizontal branch (EHB) with effective surface temperatures ranging from 20,000 K to 40,000 K. Although important questions remain regarding the exact evolutionary path and time-scales, sdB stars are widely believed to be immediate progenitors of low mass white dwarfs. Most of these subdwarfs reside in close binaries which suggests a formation scenario involving binary interaction and leads to the general expectation that these associations are progenitors of type Ia supernovae.
Since 1997, the discovery of multi-mode, short period (P = 2-10 min) oscillations among sdBs (Kilkenny et al., 1997) has provided an unique opportunity for probing their interiors using asteroseismological methods. From a theoretical ground (Charpinet et al, 1996) , the sdB instability strip has long been predicted to occur between 29,000K and 37,000 K which seems in good agreement with recent observations. However, relatively few sdB stars in this temperature range are reported to show luminosity variations and it is not clear whether this is a bias due to the poor detection limit from the ground or the effect of some intrinsic physical process. The limitation set by the atmospheric scintillation makes mandatory the use of space based observatories for further asteroseismological investigations.
Many high-resolution FUV spectra of sdB stars have been made available thanks to the FUSE satellite (Fontaine & Chayer, 2004) . But it is only recently that detections of pulsation modes with the FUSE detector have been reported by Kuassivi et al. (2004) towards PG 1219+534. Several previous successfull detections of stellar pulsation from space with the Hubble Space Telescope (HST) have been also reported in the literature (Kepler et al., 2000) with similar performances.
However, until now the lack of high-speed time-resolved spectroscopic data prevented any direct evidences for mode identification from being collected.
The advent of the COROT space mission (Baglin et al., 2001 ) will improve by many orders of magnitude the sensitivity of photometric investigations and bring important clues in the general field of stellar pulsations. However, we shall point out that even the most awaited COROT space mission, which is designed as a high precision, wide field, stellar photometric instrument, will not provide time-resolved spectroscopic data and will only focus on stellar pulsators brighter than the 9 th magnitude thus excluding many faint oscillators and most (if not all) sdB stars from further investigation.
Send offprint requests to: Kuassivi Kuassivi et al.: Title Suppressed Due to Excessive Length 3 In this paper we make use of the unexploited FUSE photometric possibilities and provide an analysis of FUV photometric data collected towards three sdB stars. The observation and the special reduction technique are described in §2 and §3. The frequency analyzes are summarized in §4 for each target. In §5, we focus on the bright PG 1605+072 and derive the first lpv diagram ever obtained for a sdB star. Future prospects for space-based asteroseismology with the FUSE satellite are discussed in §6 and a summary is given in §7.
Observation
The FUSE design consists of four co-aligned optical channels (LiF1-2 and SiC1-2), each channel is made up of a telescope primary mirror (35 cm aperture), a Focal Plane Assembly (FPA)
containing the spectrograph entrance apertures, a holographic diffraction grating, and a portion of a detector. The FUSE mission, its planning, and its on-orbit performance are discussed by Moos et al. (2000) and Sahnow et al. (2000) .
A summary of the FUSE observation used in this work is shown in Table. 1. The integrated spectra computed by the FUSE pipeline (CalFUSE 2.4) allow for a spectral resolution of 20,000
and a signal-to-noise per resolution element (0.06 Å) varying from 5 for PG 1219+534 to 10 for PG 1605+072.
Data reduction
The reduction of the raw two-dimensional FUSE detector images into useful FUV photometric series has already been described in Kuassivi et al. (2004) . It proceeds in the three following steps.
First, the photometric time-series is flagged for known instrumental defects correlated with the satellite orbital motion such as pointing drifts and burst events. Pointing drifts are caused by thermal fluctuations within the satellite that perturb the fine co-alignment of the four optical channels. This phenomenon infrequently results in the loss of one or two channels but rarely affect observations made through the large aperture (LWRS). Intermittent increases in the count rate, known as burst events, are a more important issue for photometric calibration and need to be cautiously screened. These events are due to scattered light entering the telescope and occur preferentially in orbital morning. Since the burst events fully illuminate the detector, a few off spectrum regions are carefully monitored so as to characterize these burst events in amplitude and duration. The same regions serve also to monitor the background arrays that are found to be essentially constant throughout the exposures.
The second step consists in flagging regions of the raw image affected by detector oddities such as dead-pixels or moving shadows. At variance with dead pixels whose positions are cataloged and whose impact on the total observed flux is negligible, the moving shadows, known as the "worm effects", can reduce the flux by as much as 50 % over a narrow spectral range (typically between 110 and 120 nm). Such structures are observed in the LiF 1A, LiF 1B and LiF 2A channels for all our observations and result in a net loss of about 10% of the total flux.
The last step consists in excluding the airglow emission features whose orbital modulation affect the signal. The photometric time-series are then computed from the photon count rate within these cleaned regions of the detector.
The same procedure is performed for each detector and each exposure. Although most of the reduction needs to be done by hand, we would like to point out that many user-friendly IDL applets are available to handle FUV raw data at the FUSE web site. In particular, the FUSE SCAN procedure allows to go through each of the above-mentioned steps.
Frequency analysis

PG 1219+534
FUSE time-tagged data have been obtained for the known short period pulsating sdB type star PG 1219+534 . The data were acquired on the 16 th January 2001 for 6,300 seconds and were reduced following the special procedure already outlined by Kuassivi et al. taneous non-linear least square fit of two sinusoids provide the two main frequencies: 6.9 mHz and 7.8 mHz. Our result is consistent, within our frequency resolution (0.2 mHz), with the result from ground observations . Hence, the two peaks observed in the FUSE periodogram ( Fig. 1 ) are indeed pair of unresolved components: 6.7-7.0 mHz and 7.5-7.8 mHz.
Interestingly enough, we find that the relative importance of the two observed frequencies, as far as the power concentration is concerned, is inconsistent with the amplitude spectra obtained by Koen et al. (1999) 
PG 1605+072
Among sdB stellar pulsators this star seems to be peculiar (Kilkenny et al., 1999) : it shows the richest power spectrum (up to 50 modes), the longest period (550 s), and the lowest surface gravity (log g ≈ 5.25). It has been proposed that this star has just left the EHB and is now slowly turning into a low mass WD. We obtain the two main frequencies of 2.1 mHz and 2.7 mHz from non-linear sinusoidal fit (see sure. These observations allowed to detect a dominant frequency at 6.936 ± 0.003 mHz while no additional periods could be detected (Bonanno et al., 2003) .
In a single 12,070 s FUSE observation a non-linear least square fit of a multi-periodic sinusoid allows to detect the main frequency peak at 7.048 ± 0.3 mHz with a confidence level above 90 % (see Fig. 3 ). Unfortunately severe aliasing prevented us to identify other possible pulsation modes but this limitation could be avoided in the future with a different planning of the FUSE observations.
Time resolved FUV spectroscopy of PG 1605+072
Previous observations
Several attempts have been made recently to monitor the spectral variations of sdB pulsators, in particular PG 1605+072, as well as to model them. Although PG 1605+072 is considered the best target from the observational point of view it is also famous for being a challenging pulsator in terms of interpretation.
Soon after its discovery (Kilkenny et al., 1999) , PG 1605+072 was selected for a detailed quantitative spectral analysis. The richness of its pulsation spectrum was simultaneously interpreted by Kawaler et al. (1999) as an effect of g-trapped mode in an extremely fast rotating star:
v rot ≈ 130 km.s −1 . This prediction found a remarkable confirmation in the first observation of its optical spectrum by Heber et al. (1999) who found a line broadening of the order of 39 km.s −1 .
But these data were obtained during an integration of 600 seconds on target (longer than the main 480 seconds period) and no measurements of radial velocity variations were available to disentangle between temperature, rotation and Doppler shift. was argued that such measurement may be used as an alternative to time-resolved spectroscopic data. Then, using a basic model of stellar pulsation, they proposed a temperature variation of about 490 K, best consistent with the previous observations of velocity amplitude.
In the following sections, after a brief presentation of the FUV spectrum and interstellar lines observed along the line of sight, we compute a composite lpv diagram of the star and compare our new results with the literature.
The FUV spectrum
PG 1605+072 is by far the brightest sdB star observed with FUSE and is thus the most amenable to spectroscopic study. An interstellar component is clearly identified along the line of sight within which small amounts of molecular hydrogen are detected: log N H2 ≈ 18.7 cm −2 with a total b-value of 6.6 km.s −1 . This diffuse molecular component is observed through the first 4 rotational levels of the molecular hydrogen and is well described by a single excitation temperature of 130
K. With such a low excitation temperature and an average velocity shift of +23 km.s −1 relative to the photospheric lines, it is unlikely that this diffuse molecular component be physically linked to PG 1605+072. These numerous H 2 absorption lines that plague the FUV spectrum make difficult the analysis of the stellar lines but, after a careful inspection, we can finally identify a handful of useful photospheric lines: N III doublet at 100.60 nm, S III* at 101.56 nm and 101.58 nm, S IV at 106.27 nm, and S IV* at 107.30 nm and 107.35 nm (see Table 2 ). Because the photospheric lines are highly structured and mildly saturated it is not actually possible to derive accurate estimates of the column density, temperature and b-value for each ion. Another important information can however be gained from the analysis of the line profile variations diagram (hereafter lpv diagram).
The composite lpv diagram
To derive the lpv diagram towards PG 1605+072, the 4 strongest photospheric lines (Table 2.) are simply co-added and the alignment is performed by cross-correlating over the numerous H 2 absorption lines present around each stellar line. To optimize the signal-to-noise, we divide the main pulsation period into 8 phase intervals of 60 seconds (T = 480 s; f = 2.1 mHz) . Fig 4. shows the resulting composite lpv diagram.
A remarkable feature of the derived lpv relies in its relative simplicity at variance with the complexity usually exhibited by relatively high order (l > 2) non radial modes stars (Mantegazza et al., 2002) . Although fine structures might be undetected at the FUSE resolution (15 km.s −1 ) the actual lpv is not inconsistent with the presence of a dominant large amplitude radial mode. Using simultaneous information of photometric and velocity amplitudes, we are also able to derive in a straightforward manner the phase difference of the maximum flux amplitude relative to maximum radius amplitude and find from a sinusoid fits (Fig. 5 ) φ = 180 ± 5 degrees. Noteworthy is the fact that this computation is remarkably consistent with the expected phase opposition which is the signature of an adiabatic process.
In a previous spectroscopic investigation of this star Heber et al. (1999) From the theoretical point of view, the low value we derive for the total b-value does not fit easily into the current pulsation models for PG 1605+072 Kilkenny et al., 1999) . In this model, low-order non-radial pulsations are the signature of trapped modes associated with an equatorial velocity of 130 km.s −1 . Such a large velocity is inconsistent with our derived b-value unless we assume a rather special geometry with the star being observed almost pole-on (i ≈ 10 deg). De Facto, we note also that such a large rotational velocity would be unique among degenerated dwarf stars. An alternative model has recently been put forward based on the tentative detection of closely spaced frequencies within the 2.7 mHz peak (Woolf et al., 2002) possibly due to rotational splitting of a multiplet. Then assuming the frequency splitting between modes with successive m values is δν ≈ ν rot /[l(l+1)] ≈ 0.01 mHz, where ν rot is the rotational frequency, and assuming R = 0.28 R ⊙ (Woolf et al., 2002) , we note that a l=1 mode split into m=0, ±1 leads to V rot = 21-23 km.s −1 . Indeed, such a rotational velocity seems roughly consistent with our observation but better quality data are still mandatory for an unambiguous mode identification.
Future prospects for space-based asteroseismology with FUSE
The new results reported in this work have been made possible thanks to the unexploited photometric capabilities of the FUSE satellite. FUSE is equipped with two microchannel plate detectors (90,000 by 200 resolution elements each) and can handle a total counting rate of the order of 32,000 events per second with a quantum efficiency of 15-30 % in the 90-120 nm range (Sahnow et al., 2000) . In time-tagged mode operation it is for instance possible to achieve a photometric signal-to-noise ratio of about 1,000 in 30 seconds.
Noteworthy is the fact that FUSE is not the only instrument that can be diverted to provide photometric data and a few prior attempts to detect pulsations from space have been reported with HST towards white dwarf stars as early as 1995 (see Robinson et al., 1995) . Alas, given the present status of servicing mission to HST, FUSE will soon be a unique instrument of its kind.
In the coming years, more datasets will become available to the asteroseismological community thanks to dedicated missions such as COROT (Baglin et al., 2001) and MOST (Walker et al., 2003 ), but will these missions totally eclipse the potential of the FUSE satellite for asteroseismology or will FUSE enter the run? Table 3 . shows a simulation of performances between FUSE, MOST and COROT for three typical targets: a 15 th magnitude white dwarf (T = 40,000 K), a 9 th magnitude O9 star, and 6 th magnitude solar type star (G2). The comparison is set on the basis of routine operations: from a 9,000 seconds continuous exposure with FUSE to a 6 months observation with COROT.
The reported 2-σ detection in the Fourier space has been extrapolated from prelaunch performances for COROT (Baglin et al., 2001 ) and the MOST in-flight performances we adopt are extrapolated from the recent photometric results achieved towards Procyon (Matthews et al., 2004 ) which seem rather modest compared to prelaunch estimates; hence, a 2-σ detection of the order of 6 ppm (part per million) is obtained above 2 mHz for a V=0.38 star (Procyon).
To compute the FUSE detection capabilities we estimated the total fluxes for each target following the reliable estimates available on-line at the FUSE web site. Then adding a white noise consistent with the expected signal-to-noise we buried a 10 mHz mode of constant amplitude in the FUV time-series. In order to obtain realistic time-series we divided each FUSE observation into chunks of 9,000 seconds each separated by gaps of 9,000 seconds. We then report the detectability of the buried mode in the Fourier space.
In conclusion, as Table 3 . shows, the estimated performances of the COROT photometer are several orders of magnitude beyond any other instrument for stars brighter than the 9 th magnitude.
But as Table 3 . also shows FUSE is indeed better suited than any other instrument regarding faint stars studies: for the years to come FUSE will be the only instrument making faint (Mv > 13), short period (less than 60 seconds) pulsators amenable to study. We futher note that its design and mission planning come with three other unique advantages: 1) it can routinely perform several snapshot observations of 4,000 seconds in a row with a much higher sensitivity than any groundbased facility, 2) it offers the fastest sampling rate ever achieved in space (up to 1 Hz), and 3)
it can provide high-speed time-resolved spectroscopic data in the FUV domain where many photospheric lines occur. To our knowledge these latter performances will have no equivalent among space telescopes for the next decade.
As of today, about 1,500 different stars have been observed with the FUSE satellite in timetagged mode among which dozens of sdB stars (see http://achive.stsci.edu/fuse/). Each of these Kuassivi et al.: Title Suppressed Due to Excessive Length 9 dataset can be converted into FUV photometric time-series following the calibration method described in this paper. Many of these datasets may possibly provide high-speed time-resolved spectroscopic data as well. Noteworthy is the fact that, given the large spectrum of targeted stars available in the archive, the asteroseismological potential of the FUSE satellite may well extend far beyond sdB investigations.
Summary
1. Important progress has been made possible thanks to the many FUV spectra of dwarf stars obtained by FUSE (Fontaine & Chayer, 2004) . In this paper, we present an original way of handling FUSE data which allows to fully exploit its high-speed photometric capabilities.
We report on the detection of two dominant modes towards PG 1219+534 (at 6.9 mHz and 7.8 mHz) and towards PG 1605+072 (at 2.1 mHz and 2.7 mHz) and we confirm the existence of a single dominant mode towards PG 1613+426 at 7.048 ± 0.3 mHz.
2. We further report on the Doppler shift of the photospheric lines at the surface of PG 1605+072
with 17 km.s −1 amplitude. The time-resolved spectroscopy of this star allows us to derive the projected broadening of the photospheric lines with unprecedented accuracy: v.sini = 21 ± 9 km.s −1 (2-σ error bar). We note that this result is only marginally consistent with the current theoretical expectations that the rapid rotation of PG 1605+072 is the source of its pulsation pattern. Thanks to these new data we are also able for the very first time to observe the phase opposition between the maximum radius and the maximum velocity as expected if adiabatic pulsations are taking place in the envelope of PG 1605+072.
3. Finally, we demonstrate that FUSE is particularly well suited for asteroseismological investigation of dwarf stars in general. Comparing the actual FUSE photometric performances with MOST and COROT, we conclude that FUSE is a unique instrument for the study of faint (Mv > 10), hot (T > 20,000 K) pulsating objects and should be considered an alternative to the COROT mission in that observation domain. 
